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ABSTRACT
A survey for radio emission at 6 GHz and 9 GHz toward three regions of massive star formation
in the Large Magellanic Cloud (LMC) revealed six ultracompact HII (UC HII) regions associated
with known massive young stellar objects (YSOs). Three of the UC HII regions are first-time
detections at these frequencies. In addition, an additional 23 sources were discovered, many with
an unknown classification. Many of these sources have associated infrared or lower-frequency
radio emission which are used to help determine the nature of these sources. Select sources with
interesting characteristics or environments are discussed.
Subject headings: star formation — UC HII regions, Large Magellanic Cloud

1.

models of massive star formation have been proposed (Zinnecker and Yorke 2007), but observational evidence is severely lacking. The primary
reasons for this are because massive stars are rare
and evolve rapidly. This means that massive YSOs
are even more rare, and are only found at relatively great distances, where resolving stellar systems with telescopes becomes a problem. In addition, massive YSOs are enveloped in opticallythick dust, making study of these objects at optical wavelengths virtually impossible.
Since massive stars can begin hydrogen fusion
while still accreting material, they will produce
a strong UV radiation field which affects the circumstellar environment. Therefore, the issue of
thick dust obscuring the view of massive YSOs can
be circumvented by observing the system at radio
or infrared wavelengths. Strong infrared radiation
comes not only from the YSO itself, but also from
the warm circumstellar dust heated by the intense
UV radiation. The infrared emission from these
regions serves as a probe of the UV emission given
from the star. The UV radiation will also ionize the surrounding hydrogen gas, forming what
is called an ultracompact HII (UC HII) region.
Thermal bremsstrahlung in this UC HII region can
be detected in the radio through any obscuring
dust clouds, and is also directly proportional to

INTRODUCTION

High-mass stars (M∗ ≤ 8.0M ), despite their
relative rarity, are responsible for most of the physical and dynamical evolution of their host galaxies.
These relatively few stars provide most of the ionizing radiation in the galaxy, thereby driving much
of the chemistry in the interstellar medium (ISM).
Their immense stellar winds and explosive deaths
provide the ISM with the heavy elements that are
used in future generations of star and planet formation. Sometimes, the shock waves created by
supernovae provide the mechanical energy needed
to compress cool molecular clouds enough to trigger new generations of star formation.
Despite their significance in determining the
characteristics of their host galaxies, the physical process of how massive stars initially form is
still poorly understood. Low-mass star-formation
is relatively well understood with the development
of an accretion disk and bipolar jets around the
young stellar object (YSO) before the onset of
hydrogen fusion. For high-mass stars, the onset of fusion can begin before they reach their final main-sequence mass, providing problems for
monolithic accretion against the radiation pressure of a star (although such a system has been
directly observed, Kraus et al. 2010). Different
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the UV flux. Thus, the energy distribution across
the radio and infrared parts of the spectrum can
be used to identify and characterize massive YSOs.
The Large Magellanic Cloud (LMC) is a satellite dwarf galaxy of the Milky Way. Its proximity
and favorable viewing angle make it a prime target for the study of massive star formation. Differences in physical properties between the Milky
Way and the LMC (i.e. the LMC has no spiral
arms, less mass, lower metallicity and greater ambient UV flux, see Meixner et al. 2006 and references therein) may cause variations in galactic star
formation. The Spitzer Surveying the Agents of a
Galaxy’s Evolution (SAGE) program (Meixner et
al. 2006) has surveyed the entire LMC in the midinfrared from 3.6µm to 8.0µm. Using the Spitzer
Infrared Array Camera (Fazio et al. 2004, IRAC)
colors of sources detected in the LMC, several
groups have identified several massive YSO candidates. The list compiled by Gruendl & Chu (2009)
seems to be the most successful in identifying massive YSOs (Seale et al. 2009, Ellingsen et al. 2010,
Johanson et al. 2014).
This study searched for UC HII regions toward
Gruendl & Chu (2009) massive YSOs confirmed
spectroscopically by Seale et al. (2009) toward
three regions of massive star formation in the LMC
(N190, N191, and N206). Using interferometry,
the angular resolution in the radio matches well
the resolution of the SAGE survey, allowing us
to associate any detected compact radio emission
with specific infrared sources. Our observations
and data reduction procedures are detailed in section 2. The results of the survey are presented in
section 3. Section 4 analyzes the emission associated with massive YSOs, as well as other emission
detected toward these regions. Our conclusions
are summarized in section 5.
2.

five pointings toward 23 massive YSO candidates
were taken with the ATCA in November of 2013.
The ATCA was in its 6 km array mode, observing
at central frequencies of 6.0 GHz and 9.0 GHz each
with a 2 GHz bandwidth divided into 2048 channels. These channels were averaged together to
increase sensitivity of the continuum sources. The
integration time on each source was about 72 min
over the course of seven hours.

Fig. 1.— MCELS (Smith & MCELS Team 1998)
Hα map of the LMC. The red circles indicate target regions.
Standard data reduction procedures were carried out in miriad. The primary flux calibrator
was PKS B1934-638, and was assumed to have a
flux of 4.5 Jy at 6 GHz and 2.7 Jy at 9 GHz.
Our flux determinations are accurate to within
∼5%. PKS B0637-752 was used as our phase calibrator, and was observed about every 20 minutes.
PKS B1934-638 was used to obtain bandpass corrections, the variation in sensitivity of the instrument across the 2 GHz band. Those bandpass solutions as well as the amplitude scale were passed
to PKS B0637-752. The amplitude, phase, and
bandpass corrections were then applied to each of
the target sources.
Images of each pointing were made using
miriad’s invert task, using natural weighting
to increase point-source sensitivity. We detected
strong sources in each of our fields, so the images were then self-calibrated to further correct

Observations

The three LMC massive star-forming regions
were observed with the Australia Telescope Compact Array (ATCA). N190 and N191 are small,
inconspicuous, and somewhat poorly studied HII
regions in the southern LMC. N206 is a somewhat
larger HII region, also in the southern LMC, characterized by a ridge of star formation induced by
nearby supernova shocks. An Hα image of the targeted regions can be seen in Figure 1. A total of
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for errors in the phase and to increase sensitivity.
Because of the large bandwidth, the images were
corrected for a varying field of view across the
relatively wide frequency range. Image sensitivity
was ∼20 µJy at 6 GHz and ∼30 µJy at 9 GHz.
Positions and flux densities were determined by
the miriad task imfit, which fits two-dimensional
gaussians to the sources. The resolution of the images was typically about 1.300 at 6 GHz and 1.000
at 9 GHz.
3.

source remains uncertain. Fluxes are given for the
four brightest peaks in N190-S10.

Results

Our survey revealed emission from six known
massive YSOs as identified by Gruendl & Chu
(2009). Emission was detected from the one massive YSO in N190, from two of the three in N191,
and from only three of the massive YSOs in N206.
The UC HII region positions and fluxes are listed
in Table 1. This is a first-time detection for the
sources in N190 and N191. The emission in N206
had been observed previously at 4.8 GHz and
8.6 GHz by Indebetouw et al. (2004). The bandwidth for their observations was only 128 MHz,
and our rms noise is more than three times smaller
on average. Thus we provide updated fluxes for
those sources.
In addition, 23 additional radio sources were
detected in our target fields. The positions and
fluxes of these sources are listed in Table 2. We
searched astrophysical databases for any associated emission with these objects, and those associations are also listed. Most of the sources have
associated SAGE infrared point sources, and some
had radio emission from the relatively low angular
resolution Sydney University Molonglo Sky Survey
(SUMSS, Bock et al. 1999).
Figure 2 shows the detected radio emission toward N190. The upper panel shows the emission at 6 GHz. The UC HII region associated
with the massive YSO is the extended emission
near the center of the image. Eight additional
sources besides the UC HII region are visible in
this map. The brightest source (N190-S7) can be
seen near the bottom of the image. This source
has associated radio emission from SUMSS, but
no associated emission in the infrared. The source
on the leftmost part image (N190-S10) appears to
be multi-peaked, but given its distance from the
phase center of the field, the true structure of the

Fig. 2.— Top: Radio image of the emission toward N190 at 6 GHz. Bottom: Radio image of
the emission toward N190 at 9 GHz.
The lower panel shows the emission UC HII region at 9 GHz. Because of the smaller field of view
N190-S7 was not imaged at 9 GHz, but nevertheless its sidelobes made the cleaning and restoring
of this map more difficult and a little more noisy.
Three of the sources detected at 6 GHz were detected at 9 GHz. There is one object that was
detected at 9 GHz but not at 6 GHz (not shown
in Fig. 2), giving a total of ten sources detected
toward N190.
Figure 3 shows the detected radio emission toward N191. The upper panel shows the emission
at 6 GHz. Two UC HII regions are shown near
the center of the image. Filipovic et al. (1995)
observed radio emission from these sources at frequencies of 5 and 8 GHz, but the low angular resolution of the single dish Parkes telescope failed to
resolve the two components each associated with
different massive YSOs. Seven additional sources
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as well. Indebetouw et al. (2004) detected the five
brightest sources excluding the rightmost source in
the field (N206-S4). Despite their relatively high
luminosities, several of their flux uncertainties are
quite large, whereas our signal to noise for these
sources was quite high.
The lower panel shows the detected sources at
9 GHz. Although all the sources detected at 6 GHz
are in the field of view, we were unable to obtain
flux measurements for the two faintest sources.
The total number of sources detected in N206 is
ten.

besides the two UC HII regions were detected.

Fig. 3.— Top: Radio image of the emission toward
N191 at 6 GHz. The two faintest field sources
are circled in green. Bottom: Radio image of the
emission toward N191 at 9 GHz. The same two
sources are circled in green.
The lower panel shows the emission detected at
9 GHz. Again, with the smaller field of view, only
four sources were detected. The signal to noise
level for the two faint sources are low enough that
they probably wouldn’t be considered sources if
only the 9 GHz data was available. But since we
knew their positions from the 6 GHz image, we
were able to identify them amidst the noise at the
edge of the field. A total of nine sources were
detected toward N191.
Figure 4 shows the detected radio emission toward N206. These images were pieced together
from the three separate pointings with miriad’s
linmos task. The gaps in the lower panel were not
imaged by the ATCA. The upper panel shows the
6 GHz emission. Three UC HII regions associated
with Gruendl & Chu (2009) massive YSOs were
detected. Seven additional sources were detected

Fig. 4.— Top: Radio image of the emission toward N206 at 6 GHz. Bottom: Radio image of
the emission toward N206 at 9 GHz. The gaps are
regions that were not imaged.

4.
4.1.

Analysis
Massive YSOs

N190 Figure 5 shows a composite IRAC image
of the central portion of N190 from the Spitzer
SAGE program. The Gruendl & Chu (2009) massive YSO is the bright peak in the center, showing
strong infrared emission from dust heated by the
4

UV radiation. The UC HII region 6 GHz contours are overlayed on the infrared image. We see
a nice correlation between the radio and infrared
data. The shape of the contours seem to suggest a
champagne flow in the region, where the radiation
from the star has dissipated the natal cloud on
the far side of the cloud to the left, but still has
appreciable dust absorbing the radiation on the
near side. If the dust on one side has been evaporated, then the UV photons are free to ionize more
distant hydrogen gas, and this could explain the
observed morphology of the UC HII region.

Fig. 6.— IRAC composite image of N191 with
3.6 µm colored blue, 4.5 µm colored green, and
8.0 µm colored red. The green contours show the
6 GHz emission detected in this work.
(2009) classification of these objects. Although Indebetouw et al. (2004) had detected each of these
sources, they did not report the individual fluxes
of N206-YSO1 and N206-YSO2. Rather, they report on faint emission coming from between the
two. We were unable to verify that this emission
exists at 6 GHz, but the 9 GHz image does seem
to support this. It is also notable that there is
a SAGE infrared source associated here. Further
careful investigation of this region is necessary. We
do provide fluxes for the UC HII regions we did detect. Continuum emission had been detected previously toward the lower massive YSO at 22 GHz
by Johanson et al. (2014).
The careful reader would notice the strong radio source N206-S6 to the left of the image in the
lower panel. This has not been identified as a massive YSO, nor does there seem to be any infrared
emission associated with it. In this next section
we will consider some of the sources like this one.

Fig. 5.— IRAC composite image of N190 with
3.6 µm colored blue, 4.5 µm colored green, and
8.0 µm colored red. The green contours show the
6 GHz emission detected in this work.

N191 Figure 6 shows the SAGE composite image of N191 overlayed with the 6 GHz radio contours. The association of the UC HII regions with
the massive YSOs are clear. The morphology of
N191-YSO1 even matches the infrared morphology. The third bright infrared source to the right
is also a massive YSO, but maybe in a stage of
evolution that precedes a detectable UC HII region.

4.2.
N206 Figure 7 shows the SAGE composite images of the infrared emission associated with the
three massive YSOs where associated UC HII regions were detected. The 6 GHz radio contours are
overlayed in green. As before, it is obvious in each
case that the UC HII regions align directly with
the intense infrared emission. This provides stong
supporting evidence in favor of the Gruendl & Chu

Other Notable Sources

N190 Figure 8 shows the 843 MHz SUMSS radio image overlayed with the 6 GHz radio contours. The angular resolution of the SUMSS is
4500 , significantly worse than the 100 achieved here.
Although N190-S10 on the left seems to have multiple peaks, and the morphology of the region remains unclear, its association with the SUMSS is
clear. There appears to be no infrared emission
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Fig. 8.— SUMSS 843 MHz emission of two bright
sources near the edge of our field in N190. Green
radio contours show the 6 GHz emission. Note
that one of the fainter sources lies between the
two, and nothing can be said about any associated
SUMSS emission.
source as an AGN based on its IRAC colors. The
radio emission here represents confirmation that
this source is an AGN. It is possible that some
of the other sources are AGNs as well, but their
infrared colors will have to be analyzed in more
detail.
N206 Figure 10 shows the 6 GHz radio contour
emission overlayed on the SAGE composite image
of N206-S8 The association of the infrared and radio emission is clear. Most notable is that the
champagne flow of N206-S8 is clearly exhibited in
both the infrared emission, with the dense part of
the cloud on the left of the hidden star, and in
the radio emission with the contours bunching together toward the denser part on the left. N206-S8
had not been classified as a massive YSO, so we
classify it as an UC HII region around a zero-age
main sequence star, already finished its accretion
phase. It is notable that the star has formed on
the ridge of a bubble visible in this image that has
been hollowed out either by immense winds from
a massive star (possibly the bright object in the
center) or perhaps from a recent supernova detonation.
The composite SAGE image in Figure 11 illustrates another interesting case in N206 with an
apparent UC HII region forming at the ridge of a
hollowed out bubble (again, perhaps by the source
in the center). The morphology of the N206-S7

Fig. 7.— IRAC composite image of N206 with
3.6 µm colored blue, 4.5 µm colored green, and
8.0 µm colored red. The green contours show the
6 GHz emission detected in this work. Top: N206YSO3. Bottom: N206-YSO1 and N206-YSO2.
with either source. One possibility is that they
are distant galaxies, but without spectral information a redshift cannot be obtained. The fact that
both sources are resolved indicates that they are
not far distant. Further spectral analysis will be
necessary to determine the nature of these sources.
N191 The green contours in Figure 9 show several point sources detected in N191 at 6 GHz.
Some of these sources have faint infrared counterparts. Their infrared colors need to be analyzed to
determine their nature. Most notable is the source
N191-S7 near the top of the image circled in red.
Kozlowski & Kochanek (2009) had classified this
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Fig. 9.— IRAC composite image of N191 with
3.6 µm colored blue, 4.5 µm colored green, and
8.0 µm colored red. The green contours show the
6 GHz emission. The red circle indicates the position of the AGN.

Fig. 10.— IRAC composite image of N206-S8 with
3.6 µm colored blue, 4.5 µm colored green, and
8.0 µm colored red. The green contours show the
6 GHz emission.

is somewhat elongated along the direction of the
ridge. It had not been identified as a massive YSO
by Gruendl & Chu (2009). The emission in both
the radio and infrared is rather weak, so N206S7 may represent a more intermediate-mass YSO.
Further spectral analysis is necessary in order to
fully classify this interesting source.
5.

of these objects will tell the story of star formation
in these regions of the LMC, and by extension, expand our knowledge of massive stellar formation
in the universe as a whole.
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Table 1: UC HII Regions at 6
Source
RA
h:m:s
N190-YSO1 05:04:25.27
N191-YSO1 05:04:38.12
N191-YSO2 05:04:39.88
N206-YSO1 05:30:20.32
N206-YSO2 05:30:20.65
N206-YSO3 05:31:22.99

and 9 GHz
Dec
d:m:s
-70:43:42.4
-70:54:42.3
-70:54:19.0
-71:07:48.9
-71:07:38.5
-71:04:09.7

Peak Flux at 6 GHz
µJy beam−1
399
2950
3400
1080
703
694

Peak Flux at 9 GHz
µJy beam−1
239
1770
3090
884
731
509

Table 2: Other Continuum Sources at 6 and 9 GHz
Source
RA
Dec
Peak Flux at 6 GHz
h:m:s
d:m:s
µJy beam−1
N190-S2
05:03:47.79 -70:40:34.9
464
N190-S3
05:04:31.39 -70:42:33.9
282
N190-S4
05:04:41.19 -70:41:17.6
291
N190-S5
05:04:49.18 -70:42:26.0
···
N190-S6
05:04:54.27 -70:42:40.7
318
N190-S7
05:04:56.30 -70:45:11.6
1500
N190-S8
05:05:02.20 -70:43:01.2
517
N190-S9
05:05:04.43 -70:44:52.5
372
N190-S10A 05:05:08.42 -70:44:34.2
487
N190-S10B 05:05:08.72 -70:44:35.2
438
N190-S10C 05:05:09.76 -70:44:41.3
432
N190-S10D 05:05:10.00 -70:44:34.2
509
N191-S3
05:05:03.19 -70:53:18.0
166
N191-S4
05:05:12.31 -70:57:21.4
633
N191-S5
05:05:12.35 -70:53:55.0
283
N191-S6
05:05:17.37 -70:53:03.5
720
N191-S7
05:05:17.95 -70:53:20.2
466
N191-S8
05:05:25.56 -70:56:12.4
4430
N191-S9
05:05:28.08 -70:53:58.6
7320
N206-S4
05:29:47.58 -71:06:37.4
736
N206-S5
05:30:19.84 -70:06:40.3
131
N206-S6
05:30:31.26 -71:08:55.5
2750
N206-S7
05:30:47.79 -71:07:56.3
202
N206-S8
05:30:56.32 -71:06:02.5
513
N206-S9
05:31:29.76 -71:07:22.5
482
N206-S10
05:31:18.53 -71:03:18.0
353

Peak Flux at 9 GHz
µJy beam−1
···
312
···
458
602
···
···
···
···
···
···
···
157
···
206
···
···
···
···
542
···
2040
···
306
291
201
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Association
SAGE, SUMSS
SAGE, SUMSS
SAGE
SAGE, SUMSS
SAGE, SUMSS
SAGE, SUMSS

Association
SAGE
SAGE
SAGE
SAGE
···
SUMSS
SAGE
SAGE
SUMSS
SUMSS
SUMSS
SUMSS
···
···
SAGE
SAGE
SAGE, SUMSS
SAGE, SUMSS
SAGE, SUMSS
SUMSS
SAGE
SAGE, SUMSS
SAGE, SUMSS
SAGE
SAGE
···

